Thirteen polycyclic aromatic hydrocarbons (PAHs) and four nitropolycyclic aromatic hydrocarbons (NPAHs) on the surfaces of airborne particulates, which were collected at an industrial area of a western site of Japan during periods from 1976 to 1998, were retrospectively analyzed. PAHs and NPAHs were extracted from airborne particulates using hexane with ultrasonication, and then analyzed by HPLC systems with fluorescence detection and chemiluminescence detection, respectively. The total concentrations (mean ± SD, n = 34) were 15.54 ± 21.24 ng/m 3 for PAHs and 5.85 ± 8.16 pg/m 3 for NPAHs. The concentrations of PAHs and NPAHs were found to be highest during the period between 1979 and 1982, and then reduced. The annual concentrations of PAHs and NPAHs were highly correlated with those of air pollutants from motor vehicle origin, such as carbon monoxide, suspended particulates and non-methane hydrocarbons. The results suggested that motor vehicle emissions were one of the predominant sources of atmospheric PAHs and NPAHs.
Air pollutants originating from emissions during fossil-fuel combustion in the process of energy production have been recognized as a potentially severe problem for human health. In particular, pollutants such as benzene and heterocyclic amines have been estimated to account for the major carcinogenic risks of air pollution. 1, 2 Polycyclic aromatic hydrocarbons (PAHs) are also one of the air pollutants that have shown mutagenicity and/or carcinogenicity. 3 Recently, their nitrated derivatives, nitropolycyclic aromatic hydrocarbons (NPAHs), have become a focus of attention owing to their stronger mutagenicity and/or carcinogenicity than that of PAHs. 4 PAHs and NPAHs are generated by incomplete combustion and/or pyro-synthesis of organic compounds, such as fossil fuels. 5, 6 The main contributors of PAHs and NPAHs are considered to be automobiles, power plants and industrial machines. 7, 8 Furthermore, some NPAHs are formed from nitration reactions of the parent PAHs by a reaction with the hydroxyl radical in the presence of NOX in the atmosphere. 9 PAHs and NPAHs are widely distributed in the air, water, soil and sediments. 10, 11 In atmospheric air, PAHs and NPAHs are known to be adsorbed onto the surface of airborne particulates. 12, 13 Since small-diameter airborne particulates can easily penetrate deeply into lungs, PAHs and NPAHs have been considered to be a cause of lung cancer for humans.
14 Therefore, the monitoring of PAHs and NPAHs as well as the identification of original sources of these compounds is necessary to evaluate their effects on human health.
In this study, we performed retrospective analyses of PAHs and NPAHs on airborne particulates collected at a western site of Japan over the past 20 years, and investigated their historical transition. Furthermore, we also compared the behavior of atmospheric PAHs and NPAHs with other air pollutants to clarify the source of PAHs and NPAHs emission.
For this purpose, HPLC-fluorescence and chemiluminescence systems were applied to determine the atmospheric concentration of PAHs and NPAHs, respectively. For an accurate determination, internal standard methods were adopted for both methods. In addition, we used hexane as an extraction solvent for PAHs and NPAHs from airborne particulates due to its lower toxicity compared to a benzene-ethanol mixture, which has been widely used as an extraction solvent.
Experimental

Chemicals
The chemicals used for this study were as follows: anthracene (A), fluoranthene (Fl), benzo [a] 15 Water was passed through a Pure Line WL 21 P system (Yamato Scientific, Tokyo). Acetonitrile was of HPLC grade (Wako) and other chemicals were of analytical reagent grade.
Sampling
Sampling for this study was carried out at an industrial area of a western site of Japan. In this area, many coke factories exist as contributors of air pollutants. Moreover, there are many kinds of factories, producing such products as fertilizer, dyestuff and carbide. A high-volume air sampler (Model No. 120 FT, Kimoto Electro. Kogyo Co., Tokyo) was set on the rooftop of a five-story building near to busy roads, which also generate air pollution.
Airborne particulates were collected onto a 2500QAT-UP silica-fiber filter (Pallflex product, Putnam, CT, USA) for 24 h at a flow rate of 1200 l/min. The sampling was performed from August 1976 to February 1998 (Table 1) . In this study, summer and winter are defined as periods from July to September, and from December to March, respectively. The collected filter was put into an envelope and stored in a refrigerator at -20˚C until analysis.
Sample preparation
As mentioned in our pervious report, 16 the filter was cut into small pieces and to these were applied BAE for PAHs and FNF for NPAHs as internal standards. After the filter sample was extracted ultrasonically with hexane, the extract was washed successively with 5% sodium hydroxide and 20% sulfuric acid and water, and then evaporated to dryness. The residue was dissolved in CH3CN for the measurement of PAHs, and in a CH3CN/imidazole buffer (pH 6.8)/ascorbic acid solution (= 7:2:1, v/v/v) for the measurement of NPAHs.
Measurement of PAHs and NPAHs
PAHs were determined by an HPLC with a fluorescence detector.
The HPLC system consisted of a liquid chromatographic system (Waters LC module 1 (Waters, Milford, MA, USA)), a 7125 injector (Rheodyne, Cotati, CA) with a 20-µl sample loop, a column-oven (HTR-B (Waters)) set at 35˚C, and an RF-550 fluorescence detector (Shimadzu, Kyoto, Japan). Separation of the PAHs was accomplished on a Wakosil-PAHs column (250 × 4.6 mm, i.d., Wako) using gradient elution with mobile phases (A) CH3OH/H2O (= 8:2, v/v) and (B) CH3CN. The gradient system was programmed as follows: 10% B (0 -4 min), 10% B-75% B linearly (4 -9 min), 75% B (9 -30 min). The flow-rate was set at 1.0 ml/min. The excitation and emission wavelengths were programmed to determine individual PAHs at their optimal wavelengths.
NPAHs were determined using an HPLC with a chemiluimnescence detector according to a method reported by Hayakawa et al. 17 The HPLC system consisted of three LC-10A liquid-chromatographic pumps (Shimadzu), a 7125 injector with a 50-µl sample loop, a CLD-10A chemiluminescence detector (Shimadzu) and an HPV-6 six-port switching valve (GL Science, Tokyo). NPAHs injected into the HPLC system were reduced to give corresponding fluorescent amino derivatives by passing through a reducer column packed with Zn powder, and then separated by a Cosmosil 5C18 MS analytical column (250 × 4.6 mm, i.d., Nacalai Tesque, Tokyo). The postcolumn chemiluminescence reagent for the determination of reduced NPAHs consisted of H2O2 and TCPO in CH3CN.
Monitoring of other air pollutants
At the sampling site of airborne particulates, measurements of other air pollutants, such as carbon monoxide (CO), sulfur dioxide (SO2), nitrogen dioxide (NO2), non-methane hydrocarbons (NMHC), total hydrocarbons (HC), suspended particulates (SPM) and dustfall have been performed routinely. These data were provided by Fukuoka Institute of Health and Environmental Sciences.
Statistical analysis
Statistical analyses were performed by the Student's t-test with a StatView 5.0 for Macintosh computer (SAS Institute Inc., Cary, NC, USA).
Results and Discussion
Atmospheric concentrations of PAHs and NPAHs
Thirty-four airborne particulates samples were collected and analyzed. The concentrations of PAHs and NPAHs obtained through the period (1976 -1998) are summarized in ) were relatively low. This abundance ratio of PAHs was similar to our previous results in Nagasaki City. 16 The average concentration of 1-NP (5.36 pg/m 3 ) was 10-times higher than those of total dinitropyrenes (0.49 pg/m sampling periods, the value in this study was comparable to that found in Florence, Italy, 18 or lower than those in Hong Kong, China, 19 Napli, Italy 20 and Kanazawa, Japan. 21 The average total NPAHs in 1998 (0.69 pg/m 3 ) was comparable to that of our previous results in Nagasaki, 16 or lower than that in Kanazawa. 21 The total PAHs concentration was three orders of magnitude higher than total NPAHs concentration in this study. This result was also in accordance with that obtained in Kanazawa. 21 The relationship between the concentration of PAHs and NPAHs was examined for all samples. As shown in Fig. 1 , a positive relationship (r = 0.682, p < 0.001) was found between both compounds. This result indicates that PAHs and NPAHs might have originated from the same emission source.
Seasonal variation of individual PAHs and NPAHs concentrations
The seasonal variation of the concentrations of PAHs and NPAHs is presented in Figs. 2 and 3 , respectively. The concentrations of PAHs and NPAHs in the winter were significantly higher than those in the summer, except for 1,6-DNP, 1,8-DNP, P, A, BaA and Ch. A similar seasonal variation was also observed in London, UK 22 and Vladivostok, Russia. 23 The reason for this variation might be ascribed to the accumulation of airborne particulates caused by lower atmospheric mixing in the winter. Furthermore, some PAHs and NPAHs might have decomposed under the strong sunlight during the summer.
Annual variation of total PAHs and NPAHs concentrations
Annual concentrations of the total PAHs in summer and winter are plotted in Fig. 4 . The highest concentrations of PAHs were observed in the early part of the 1980s. Since then, PAHs concentrations have been decreasing. Figure 5 shows the annual variation of the total NPAHs concentration. As in the case for PAHs, the NPAHs concentrations were highest during the early part of the 1980s, and then decreased, except for 1991. The higher concentrations of PAHs and NPAHs in the early sampling periods are probably due to the absence of legal restrictions on the exhaust gas. Moreover, an improvement on the exhaust system might have contributed to the decrease of atmospheric PAHs and NPAHs concentrations after 1985. However, the reason for the higher concentration of NPAHs in 1991 could not be elucidated.
Relationship between the concentrations of PAHs and NPAHs and other air pollutants
The results of correlation analyses of the annual average concentrations of PAHs and NPAHs against the concentrations of other air pollutants are shown in Table 3 . PAHs and NPAHs are highly correlated with SPM, CO and NMHC. Because of the adsorption of PAHs and NPAHs on the surface of SPM, these concentrations were well correlated to SPM. CO and NMHC are known to be dominated by motor-vehicle exhaust. On the other hand, a significant correlation between NO2 and PAHs and NPAHs was not obtained despite the exhaust of NO2 by motor vehicles. NO2 originated from not only motor vehicles, but also industrial machines; this fact might make the correlation ambiguous. SO2 and dustfall, which are namely derived from industrial machine exhaust, were not significantly associated with PAHs and NPAHs. From these results, it may be concluded 1469 ANALYTICAL SCIENCES DECEMBER 2005, VOL. 21 that atmospheric PAHs and NPAHs were mainly emitted by motor vehicles rather than being of industrial factory origin.
In order to estimate the contribution of gasoline and dieselpowered vehicles to air pollution, the diagnostic ratios between PAHs were investigated. Many studies used diagnostic ratios between PAHs, such as IP/(IP + BP), Bap/(BaP + Ch) and P/(P + A), to identify possible emission sources. 24, 25 The mean ratios of IP/(IP + BP), Bap/(BaP + Ch) and P/(P + A) for the atmospheric concentration were found to be 0.53, 0.49 and 0.99, respectively, while those were reported to be 0.18, 0.49 and 0.50, respectively for gasoline emission, and > 0.3, 0.73 and 0.65, respectively for diesel emission. 26, 27 The ratio of BaP/(BaP + Ch) in this study corresponded well with the ratio for gasoline emission. On the other hand, the ratios IP/(IP + BP) and P/(P + A) were closed to the ratios for diesel emission. From these, it is thought that both gasoline and diesel-powered vehicles contributed to the generation of PAHs and NPAHs.
Conclusion
Airborne particulates were collected from August, 1976, to February, 1998, at an industrial area of a western site of Japan, and were analyzed, retrospectively, for PAHs and NPAHs. This study has revealed the following: 1) the concentrations of PAHs and NPAHs were higher in the winter than in the summer; 2) the concentrations of PAHs and NPAHs reached the maximum values in the early part of the 1980s, and then decreased, which might account for the change in the legal restrictions of exhaust gas and the technological improvements to reduce air pollution; 3) the results of correlation analyses suggested that atmospheric PAHs and NPAHs were mainly derived from motor vehicles. The sampling and storage of environmental samples for a long period is useful for investigating the trends and degrees of environmental pollution in the past.
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p: a, < 0.05; b, < 0.01; c, < 0.001.
